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Abstract
Understanding the location, intensity, and likely duration of volcanic hazards is key to reducing risk from volcanic eruptions.
Here, we use a novel near-real-time dataset comprising Volcanic Ash Advisories (VAAs) issued over 10 years to investigate
global rates and durations of explosive volcanic activity. The VAAs were collected from the nine Volcanic Ash Advisory Centres
(VAACs) worldwide. Information extracted allowed analysis of the frequency and type of explosive behaviour, including
analysis of key eruption source parameters (ESPs) such as volcanic cloud height and duration. The results reflect changes in
the VAA reporting process, data sources, and volcanic activity through time. The data show an increase in the number of VAAs
issued since 2015 that cannot be directly correlated to an increase in volcanic activity. Instead, many represent increased
observations, including improved capability to detect low- to mid-level volcanic clouds (FL101–FL200, 3–6 km asl), by higher
temporal, spatial, and spectral resolution satellite sensors. Comparison of ESP data extracted from the VAAs with the Mastin
et al. (J Volcanol Geotherm Res 186:10–21, 2009a) database shows that traditional assumptions used in the classification of
volcanoes could be much simplified for operational use. The analysis highlights the VAA data as an exceptional resource
documenting global volcanic activity on timescales that complement more widely used eruption datasets.
Keywords Explosive eruptions . Volcanic AshAdvisory Centres (VAACs) . Volcanic ash hazard . Volcanic record
Introduction
Operational forecasting of volcanic ash dispersal in the atmo-
sphere is underpinned by near-real-time reports that provide a
valuable untapped data resource. Here, we use a novel dataset
comprising Volcanic Ash Advisories (VAAs), issued over
10 years by the world’s nine Volcanic Ash Advisory
Centres (VAACs), to investigate global rates and durations
of explosive volcanic activity and inform understanding of
characteristics of this activity, particularly with regard to cloud
height. All acronyms used herein are defined in Appendix
located at the end of the paper.
Explosive volcanic eruption frequency trends have tradi-
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1989; Mahony et al. 2016) and direct observations. This in-
formation is documented in databases such as the Smithsonian
Institution Volcanoes of the World database (Siebert et al.
2010; Global Volcanism Program 2013) which contains infor-
mation from the published record along with reports from
State Volcano Observatories (SVOs), the LaMEVE (Large
Magnitude Explosive Volcanic Eruptions) database
(Crosweller et al. 2012) that comprises published information
on large magnitude explosive eruptions, and the Icelandic
Catalogue of Volcanoes (icelandicvolcanoes.is), a national
database containing information on eruptive activity in
Iceland. These databases characterise volcanic activity at an
individual volcano and at a global level (Brown et al. 2015)
and are used to anticipate future eruptive hazard, assuming
that future behaviour (e.g. effusive or explosive and magni-
tude) will be similar to past behaviour (Sheldrake and Caricchi
2017). Such databases and studies focus on hazard and ash on
the ground and have provided the basis for the development of
probabilistic methodologies for assessing regional ash fall
hazard (Jenkins et al. 2012).
Comparatively fewer datasets and studies focus specifical-
ly on hazard and risk to aviation from ash in the atmosphere
(Guffanti et al. 2008; Guffanti and Tupper 2015; Lechner et al.
2017). The nature of atmospheric transport of volcanic ash,
commonly over regional to global scales (for example the
2011 Cordon Caulle eruption; Collini et al. 2013), means that
the assessment of ash hazard, and consequently risk to avia-
tion, requires global datasets. One resource aimed at
informing on ash hazard in the atmosphere is the eruption
source parameter (ESP) database of Mastin et al. (2009a),
which provides information required for forecasting atmo-
spheric ash hazard associated with eruptive volcanic events
through the initiation of volcanic-ash-transport-and-
dispersion models. While the Mastin et al. (2009a) database
was produced with the ash aviation community in mind, it
does not describe trends in volcanic activity or active volcanic
behaviour. In this paper, we present VAAs as a potential re-
source to fill this data gap.
Observations are key for any assessment and forecast of
volcanic hazard, whether on the ground or in the atmosphere.
For ash in the atmosphere, observations come from awide range
of institutions and instruments. SVOs are crucial for providing
ground observations in real-time. These observations include
activity type (i.e. effusive or explosive) and intensity, and more
specifically for the ash aviation issue, emission type (i.e. water
vapour, gas, or ash), and observed cloud height. Such observa-
tions may be made directly by a local observatory or through
analysis of webcam or radar imagery. Eruptive information is
typically published in observatory reports and made available to
the appropriate VAAC through the Volcanic Observatory
Notice for Aviation (VONA) messages.
Satellite sensors are crucial tools for identifying and
observing volcanic eruptions and ash in the atmosphere. The
last 10 years has seen a major improvement in satellite sensor
technology and coverage. With these improvements, the tem-
poral resolution of observations has increased, meaning that
there is now much more data for an eruptive event than would
have been available even decades ago. New-generation geo-
stationary satellites such as HIMAWARI-8 (Bessho et al.
2016), which launched in October 2014, with coverage over
the Western and Central Pacific, image resolution down to
500 m for visible and 2 km for infrared imagery, and refresh
frequencies up to 2.5 min, enable detection of much smaller
volcanic clouds than earlier counterparts. GOES-16 and
GOES-17 satellites (GOES-R Program/ Code 410 2020) with
refresh frequencies of between 30 s and 1 minute were
launched respectively in November 2016 and March 2018
and cover the Americas, Eastern and Central Atlantic, and
Eastern Pacific. These new satellites use the thermal infrared
brightness temperature difference method (Prata 1989a, b), or
‘true colour’ satellite techniques to detect volcanic ash, with
increased resolution and refresh frequencies, enabling better
distinction from meteorological cloud. The increased detec-
tion capability of these new-generation satellites is supple-
mented by algorithms, such as the VOLcanic Cloud
Analysis Toolkit (VOLCAT) (Pavolonis et al. 2018) and the
Support to Aviation Control Service (SACS) system (Brenot
et al. 2014) that scan satellite data and automatically detect
emergent eruptive activity and notify of volcanic ash and SO2
in the atmosphere. Despite these improvements, there remain
areas without satellite coverage on the frequency required to
actively monitor volcanic activity globally. In addition, volca-
nic clouds are still often obscured by meteorological clouds
making ground observations from SVO essential.
The increasingly large amounts of data describing global
explosive volcanic activity produced by SVOs and VAACs
pose both limitations and opportunities. Development of
methods for presentation and analysis of datasets is required
to fully capitalise on increased data availability. Information
can be difficult to extract in a clear and consistent way from
the many resources. As an example, there are more than sev-
enty SVOs globally (World Organization of Volcano
Observatories; http://www.wovo.org/observatories/), each
with their own methods of collection and communication of
eruption information (Pallister et al. 2019). The collection of
ash cloud information from satellite information requires ac-
cess to satellite imagery and a number of assumptions for
estimating ash cloud characteristics such as height. These
analyses are time-consuming when considering global scales.
In comparison, the information within VAAs, which draw on
a wide range of observation sources, are easily accessed and
analysed due to their consistent format. While SVO records
and post-event analyses can contain additional and higher
quality information about particular eruptions, the internation-
al repository of VAAs is the only near-real-time archive of
global explosive volcanism, and it represents an enormously
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valuable resource. In addition, VAAs cover a number of vol-
canoes that are either not formally or only poorly monitored,
providing a more representative record of global volcanic ac-
tivity where ground observations from SVOs are not
available.
Here, we examine 10 years of global explosive volcanic
activity, from 1 January 2009 to 1 January 2019, through the
information contained within VAAs. The VAAs are a mech-
anism of risk communication, issued in near-real-time in re-
sponse to explosive volcanic events, to communicate the pres-
ence of volcanic ash in the atmosphere to the commercial
aviation sector and other groups such as Meteorological
Watch Offices (MWO) and SVOs. These VAAs contain a
comprehensive record of the height, duration, and location
of volcanic ash emissions in the atmosphere, allowing quan-
titative investigation of behaviour at frequently active volca-
noes (e.g. Anatahan, Guffanti et al. 2005; Sinabung, Pallister
et al. 2018; Fuego, Naismith et al. 2019), comparison among
different geographical regions, and global analysis of explo-
sive activity. We use this information to investigate the recent
range of eruptive characteristics, in particular cloud height and
duration, exhibited during explosive ash-producing events at a
volcano and assess the categories assigned in the Mastin et al.
(2009a) Eruption Source Parameter (herein labelled ‘M-ESP’)
database.We also discuss how such information complements
more traditional databases of volcanoes and volcanic activity.
Volcanic Ash Advisories
The International Airways Volcano Watch and VAACs were
developed progressively through the 1990s, with the issuance
of VAAs beginning in the early 1990s, to inform civil aviation
of any observed ash in the atmosphere. VAAs (Fig. 1) are
issued by one of nine VAACs (Lechner et al. 2017) which
monitor the world’s airspace within their respective regions or
Areas of Responsibility (AoR; Fig. 2). The purpose of these
regional VAACs is to provide guidance to state MWOs.
MWOs are responsible for issuing formal information on me-
teorological phenomena, including the presence of volcanic
ash clouds, to aviation. Official warning guidance is provided
by a SIGMET (i.e. Significant Meteorological Information)
report which gives information to air traffic control offices
and airlines on activity or conditions that may affect an air-
craft. The SIGMET describes both the event and projected
conditions for 6 h after issuance of the report (Lechner et al.
2009, accessed January 2020). The VAACs have expertise in
volcanic-ash-transport-and-dispersion modelling, and analy-
sis of satellite imagery, and work to provide a consistent prod-
uct as an ash cloud traverses over large regions, often through
the AoR of many VAACs and MWOs. The VAACs use in-
formation from a number of sources, including SVOs, pilot
reports, satellite sensors, and automated tools such as the
VOLCAT (Pavolonis et al. 2018) and the SACS system
(Brenot et al. 2014) to identify and monitor ongoing eruptive
episodes. When an eruptive and/or ash dispersion event is in
progress, the responsible VAAC will initiate volcanic-ash-
transport-and-dispersion models using input from Numerical
Weather Prediction (NWP) models to simulate the dispersion
of volcanic ash and provide forecasts of ash dispersal for 6, 12,
and 18 h into the future, following a structured format. A
VAA is issued as soon as the VAAC is notified of an event
with the potential to produce ash clouds, or a change in erup-
tive activity, and VAAs are updated at least every 6 h, or
sooner if needed, as long as ash remains in the atmosphere.
The International Airways VolcanoWatch has 24/7 coverage,
and VAAC operations and products adhere to International
Civil Aviation Organization (ICAO) requirements using all
observations made available to them, including weather satel-
lite data which now has global coverage.
VAAs are issued as text bulletins and are usually accom-
panied by a Volcanic Ash Graphic (VAG) displaying one or
more polygons that represent the observed and forecast loca-
tion(s) of an ash cloud. Example VAG and VAA are shown in
Fig. 1a and b, respectively, and were issued by the Darwin
VAAC in response to the 2014 eruptive event at Kelut volca-
no, Indonesia. The text bulletin reports the time and location
of the eruptive event, sources of observations (e.g. ground
reports, pilot reports, or satellite imagery), and the observed
and forecast distribution of ash in the atmosphere. When pos-
sible, VAACs also provide information regarding the volcano
aviation colour code, as provided by the responsible SVO.
Cloud heights given in VAAs are based on real-time informa-
tion, as provided by the SVO, and operational analysis of
observational data such as satellite or webcam imagery.
Although there have been subtle evolutions in the way in
which information is reported within the VAAs, the general
format is prescribed by the ICAO (ICAO Handbook on the
International Airways Volcano Watch: Operational
Procedures and Contact List, Doc 9766-AN/968, accessed
January 2020) and has not changed significantly through the
period used for this study. For some eruptions, additional in-
formation, such as lidar or radar, may be available in post-
analysis by the VAACs, or in research case studies. This study
uses information published in near-real-time only,
representing the vast bulk of volcanic cloud analyses available
from the VAACs.
Data analysis
This study analyses VAAs issued related to the emission of
volcanic ash at volcanoes in the period from 1 January 2009 to
1 January 2019. Any VAAs issued in the context of VAAC
tests or exercises were not included in the analysis. In addi-
tion, VAAs referring to information in advisories from other
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VAACs, and all VAAs related to ash resuspension were re-
moved to focus primarily on explosive volcanic events and to
avoid duplication of information. Table 1 displays the total
number of VAAs issued by each VAAC and by all VAACs
for volcanoes in a VAAC region. For almost all VAACs,
except London, the total number of advisories issued (column
2) is larger than the number issued for volcanoes within their
region (column 3). This reflects eruptions with long-range ash
dispersal, which affected airspace across multiple VAAC re-
gions. For example, the Darwin, Toulouse, and Wellington
VAACs issued VAAs following the 2011 eruption of the
Cordon Caulle volcano, which is located within the Buenos
Aires VAAC AoR. For the purpose of this analysis, we
use the data from the responsible VAAC as they are
most likely to contain information on conditions and
observations in the atmosphere proximal to the erupting
volcano. From each VAA, we extracted the volcano
name and location, the advisory date/time, the advisory
date/time information for subsequent VAAs, the aviation
colour code, the information source, the observed vol-
canic ash cloud height, the modelled volcanic ash cloud
height and extent, and remarks about the volcanic
activity.
While some eruptive information can be directly extract-
ed from the VAAs, for example plume height, other infor-
mation, specifically definition of an eruptive event, is in-
ferred from the contained data. Rather than using the defi-
nition of an event in the general volcanic sense (Siebert
et al. 2015; Jenkins et al. 2007), here we define an event
as a volcanic incident that prompts the issuance of a group
of VAAs. Groups were defined using the ‘Next Advisory’
field in the VAAs (Fig. 1b), which typically state when a
period of ash emission is over and volcanic ash is no longer
observed in the atmosphere. Event duration was calculated
Fig. 1 a An example of a Volcanic Ash Graphic (VAG) issued by
Darwin VAAC during the Kelut eruption of 2014 and b the associated
Volcanic Ash Advisory (VAA). Real-time analysis suggested that the
resultant plume reached a flight level (FL) of 550 (~ 16.7 km) while
post-analysis indicated the eruption was significantly higher. Images
courtesy of VAAC Darwin, Bureau of Meteorology Australia, http://
www.bom.gov.au/aviation/volcanic-ash/
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as the time difference between the first and last VAAs of the
group. Notably, the ‘events’ reported here do not describe
the duration of the volcanic activity or emissions, but the
time over which volcanic ash is observed in the atmosphere.
Although we use event duration as a proxy for the duration
of ash emission from the ground, depending on the resi-
dence time of ash in the atmosphere, the actual duration
of ash emission is likely to be shorter.
Fig. 1 (continued)
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Volcanic ash cloud heights reflect the intensity of an ex-
plosive event (Sparks et al. 1997). Because VAAs are directed
primarily to the aviation sector, volcanic cloud height is re-
ported as flight level and describes the top of the laterally
spreading volcanic cloud. Flight level (FL) is the altitude of
an aircraft at the standard air pressure, expressed in hundreds
of feet (1 FL = 100 ft), and herein is used as a proxy for
altitude. For our analysis, we use the observed flight level of
the ash cloud in preference to the modelled flight level (shown
under ‘FCST VA CLD’). The observed flight level is directly
informed by real-time observations by the SVO or through
analysis of satellite imagery or other observations. However,
there are some examples where direct observations of an ash
cloud are not available, for example due to obscuration by
meteorological clouds. In such cases, observed flight level
information is not provided, and the modelled flight level is
estimated based on previous knowledge of activity at a volca-
no and NWP data. Therefore, the modelled flight level in-
cludes examples where there are no direct observations of
flight level, while the observed flight level is a more consis-
tently informed estimate of explosive activity at a volcano and
is more certain. The observed flight level is often recorded at
multiple locations within the VAAs, typically within the
‘ERUPTION DETAILS’, ‘EST’, or ‘OBS cloud’ fields
(Fig. 1b), and occasionally within the ‘REMARKS’ or
‘RMK’ section. In cases when two flight levels were given
describing ash transport at multiple altitudes, we chose the
greater one, yielding results that represent an upper measure
of the observed volcanic ash cloud height.
The key to analysis of data within the VAAs is the
comparison with information more commonly used to
characterise volcanic activity. Here, we used the M-ESP
database to aid interpretation. The M-ESP database was
developed primarily to aid implementation of numerical
simulation of ash dispersion in the atmosphere. The da-
tabase, co-authored by representatives from all nine
VAACs, represents a multidisciplinary effort to assign
ESPs to volcanoes. Mastin et al. (2009a) identify eleven
eruption categories, characterised by a specific magma
type and eruption size (Table 2). These categories de-
scribe eruption scenarios of different scales. Each erup-
tion category was assigned a characteristic volcanic
Table 1 Number of VAAs issues in the period between 1 Jan 2009 and
1 Jan 2019. Column 2 shows the total number of VAAs issued by each
VAAC in this period, excluding test advisories. Column 3 shows the
number of advisories issued for volcanoes in a given VAAC region
(e.g. VAAs issued by the Anchorage VAAC for volcanoes within the
Anchorage VAAC region)
VAAC No. of VAA issued No. of VAA issued for volcanoes
VAAC region
Anchorage 966 621








Fig. 2 Map of the VAAC areas of
responsibility and active
volcanoes in the period between 1
January 2009 and 1 January 2019.
Symbol colour represents the
log10 number of VAAs. Black
symbols represent those
volcanoes that have been active
within the Holocene period (GVP
Smithsonian Institute)
9    Page 6 of 17 Bull Volcanol (2021) 83: 9
cloud height, duration, erupted volume, and mass frac-
tion of fine ash. An eruption type of ‘medium silicic (S2)’
for example, based on the 1992 Mount Spurr (Alaska)
eruption (Neal et al. 1995), was assigned a volcanic
cloud height of 11 km above vent and a duration of 3 h.
A sister publication (Mastin et al. 2009b) includes a
spreadsheet that assigned these eleven eruption types to
each of the 1500 volcanoes active in the Holocene in the
Volcanoes of the World database maintained by the
Smithsonian Institution Global Volcanism Program
(GVP). The assignments were based on observed pat-
terns of eruptive behaviour at each volcano or, for volca-
noes that had not erupted in historical time, on the type of
volcano or magma type, using information from the GVP
database and published records. The categories M0 (maf-
ic standard) and S0 (silicic standard) are default values
assigned to volcanoes that lack sufficient historical infor-
mation to merit more defined categories. In these cases,
parameters are assigned using the medium-sized eruption
categories M2 (mafic medium) and S2 (silicic medium),
respectively.
Results
Volcano advisories through time
From 1 January 2009 to 1 January 2019, more than 57,500
VAAs were issued describing activity at 139 volcanoes
(Table 3; Fig. 2). A majority of these VAAs were issued by
the Darwin, Tokyo, Buenos Aires, and Washington VAACs,
detailing explosive volcanic activity across Indonesia, Japan,
the Kamchatka Pensinsula, and Central America and South
America. Fifty percent of the VAAs were related to activity
at just eight volcanoes (Sakurajima 12%, Dukono 11.5%,
Reventador 4.75%, Sabancaya 4.5%, Sheveluch 4.3%,
Tungurahua 4.2%, Batu Tara 3.9%, Sinabung 3.9%).
There is a direct correlation between the number of VAAs
and the number of events per volcano, with Sakurajima hav-
ing the greatest number of calculated events (32% of the total
number of events). Again, 50% of these events are from a
small number of volcanoes (Sakurajima 32%, Sheveluch
5.2%, Asosan 5%, Sinabung 4.4%, and Suwanosejima 4%).
Cumulative plots of the number of VAAs per month
(Fig. 3) show that although the number of VAAs issued by
many VAACs is relatively constant through time, with an
almost constant slope in the cumulative number of issued
VAAs, there are periods with a marked increase in the issued
number of VAAs. For VAACs such as London that responded
to few events, peaks associated with individual eruptions (e.g.
Eyjafjallajökull in 2010 and Grímsvötn in 2011) are clear. For
those that issue many VAAs (e.g. Darwin, Washington, and
Tokyo), it is difficult to identify increases in the number of
VAAs associated with volcanic activity at individual volca-
noes. There is, however, a change in slope in cumulative
VAAs from 2015 to 2019. This trend is seen when all
VAAs are analysed (Fig. 3), but it is also evident for those
VAACs that issue numerous VAAs, particularly Washington
and Buenos Aires. The number of explosive eruptive events
per VAAC (Fig. 3) is considerably lower than the number of
advisories issued, indicating that a majority of events are de-
scribed by multiple VAAs. Despite the large difference in
number, for the most part, trends in the number of explosive
events per VAAC closely match those of total VAAs issued.
An increase in the frequency of VAA issuance could result
from increased explosive volcanic activity, increased observa-
tional information to trigger advisories (including from
ground and satellite-based observations), or procedural chang-
es within the VAACs. To understand whether this increase
reflects an upward trend in volcanic activity, the VAA data
Table 2 Eruption types and plume height and duration in the Mastin et al. (2009a) eruption source parameter (M-ESP) database. H and D show the
cloud height and duration, respectively, as assigned to each category in the database
Type Magma type Historical eruption characteristics H (km above the vent) D (h)
Mafic, standard (M0) Basalt or other mafic Insufficient historical data to characterise 7 60
Small (M1) H ≤ 5 km or VEI ≤ 2 2 100
Medium (M2) H = 5–8 km or VEI = 3 7 60
Large (M3) > 8 km or VEI ≥ 4 10 5
Silicic, standard (S0) Andesite, dacite, rhyolite, or other
explosive composition
Insufficient historical data to characterise 11 3
Small (S1) H ≤ 6 km or VEI ≤ 2 5 12
Medium (S2) H = 6–12 km or VEI = 3 11 3
Large (S3) H ≥ 12 km or VEI ≥ 4 15 8
Co-ignimbrite cloud (S8) Major pyroclastic flows, with an elutriated column
rising primarily above the flows
25 0.5
Brief (S9) Active lava dome is present 10 0.01
Submarine (U0) All magma types Submarine vent with a water depth ≥ 50 m 0 –
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are compared with explosive eruption data for the same time
period from the GVP database (https://volcano.si.edu/; data
accessed 29 January 2019). To make the datasets
comparable, GVP entries described as non-explosive or
events such as the evacuation of local communities were re-
moved. With this adjustment, curves showing the cumulative
number of explosive events (Fig. 4) show a fairly constant
slope with time, in contrast to the time-increasing slope of
the number of VAAs and eruptive events reported by VAAs
(Fig. 3). The cumulative number of VAAs issued based on
satellite imagery (Fig. 3) shows the same inflection
representing an increase in the number of VAAs in recent
years. We see little discrepancy between total and satellite-
based VAAs for London, Washington, Buenos Aires, and
Darwin VAACs, whereas Tokyo VAAC shows a distinct in-
crease in satellite-based VAAs from 2015.
To further investigate the source of this increase in the number
of issued VAAs, the number of VAAs per flight level is shown,
Table 3 Number of VAAs and calculated events for volcanoes within each VAAC area of responsibility between 1 January 2009 and 1 January 2019.
See text for definition of ‘event’
Volcano VAAs (events) Volcano VAAs (events) Volcano VAAs (events)
Anchorage Darwin cont. Toulouse
Bogoslof 132 (49) Paluweh 371 (33) Etna 280 (145)
Cleveland 33 (16) Rabaul 454 (52) Fogo 52 (3)
Pavlof 192 (13) Raung 230 (20) Meru 4 (2)
Redoubt 136 (15) Rinjani 268 (29) Nabro 42 (10)
Semisopochnoi 4 (1) Sakar 2 (1) Nyamuragira 15 (8)
Shishaldin 9 (4) Sangeang Api 111 (20) Nyiragongo 15 (7)
Veniaminof 115 (20) Semeru 87 (26) Piton de la Fournaise 19 (18)
Buenos Aires Sinabung 2218 (802) Stromboli 11 (11)
Antuco 2 (2) Sirung 11 (4) Washington
Bristol Island 1 Slamet 26 (12) Colima 1487 (419)
Calbuco 70 (13) Soputan 135 (18) Concepcion 5 (2)
Callaqui 9 (7) Tengger Caldera 714 (41) Cotopaxi 333 (60)
Cerro Hudson 10 (1) Ulawun 337 (39) Fernandina 42 (7)
Chaiten 218 (153) London Fuego 1874 (480)
Copahue 617 (150) Eyjafjallajokull 150 (58) Galeras 40 (10)
Cordon Caulle 1557 (93) Grimsvotn 28 (23) Guagua Pichincha 2 (1)
Lascar 11 (9) Bardabunga 7 (1) Huila 167 (31)
Llaima 10 (9) Tokyo Kilauea 153 (33)
Nevado Chachani 3 (1) Alaid 51 (18) Masaya 16 (7)
Nevados de Chillan 147 (99) Asamayama 39 (38) Momotombo 44 (15)
Osorno 1 (1) Asosan 938 (914) Negra, Sierra 51 (9)
Palena Volcanic Group 1 (1) Bezymianny 103 (26) Pacaya 81 (21)
Planchon Peteroa 182 (44) Bulusan 79 (68) Pagan 41 (17)
Sabancaya 2568 (191) Chikurachki 45 (9) Poas 78 (28)
Ubinas 417 (147) Chirinkotan 27 (8) Popocatepetl 2152 (610)
Villarrica 52 (30) Ebeko 474 (265) Reventador 2733 (714)
Darwin Etorofu-Yakeyama 4 (4) Rincon de la Vieja 20 (9)
Agung 426 (85) Kambalny 22 (7) Ruiz 476 (159)
Bagana 1351 (175) Kanlaon 27 (19) San Cristobal 10 (2)
Barren Island 206 (32) Karymsky 724 (305) San Miguel 1 (1)
Batu Tara 2248 (126) Ketoi 1 (1) Sangay 605 (162)
Dempo 3 (1) Kirishima 329 (197) Santa_Maria 778 (325)
Dukono 6644 (334) Kizimen 239 (79) Sarigan 7 (1)
Gamalama 105 (14) Klyuchevskoy 1394 (387) Soufriere_Hills 510 (17)
Ibu 91 (66) Koryaksky 74 (30) Telica 30 (12)
Kadovar 189 (16) Kuchinoerabujima 239 (225) Tungurahua 2422 (273)
Karangetang 105 (23) Kusatsu-Shiranesan 1 (1) Turrialba 1207 (243)
Karkar 36 (6) Mayon 206 (145) Volcan_Wolf 9 (2)
Kelut 22 (1) Miyakejima 5 (5) Wellington
Kerinci 132 (29) Nishinoshima 31 (18) Ambae 358 (51)
Krakatau 417 (72) Ontakesan 70 (59) Ambrym 134 (23)
Langila 341 (73) Sakurajima 6931 (5900) Gaua 297 (4)
Lewotobi 5 (1) Sarychev-Peak 91 (13) Lopevi 9 (3)
Lokon-Empung 87 (36) Satsuma-Iojima 2 (2) Tinakula 25 (1)
Manam 501 (94) Sheveluch 2490 (1000) Tofua 10 (2)
Marapi 11 (7) Suwanosejima 875 (741) Hunga Tonga-Hunga Ha’apai 46 (6)
Merapi 170 (19) Tolbachik 16 (12) Tongariro/Ngauruhoe 20 (5)
Pago 6 (2) Zhupanovsky 334 (144) White Island 12 (3)
Yasur 218 (31)
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with a 6-month rolling mean to identify trends in the data. VAAs
were binned according to their FL (Fig. 5). Bins of 100 were
chosen to display FL data, as FL is typically reported in FL10,
50, or 100 (~ 0.3, 1.5, 3 km) increments, and to enable compar-
ison of low plumes with larger plumes. Since 2015, there has
been a significant increase in the number of VAAs at lower flight
levels, particularly FL101–FL200 (3–6 km asl (above sea level)).
For FL < 100 (< 3 km asl) and FL201–300 (6–9 km asl), the
increase in the total number of VAAs with time has been more
gradual. Trends are more difficult to identify for VAAs with FL
greater than 400 (12 km) due to the lower numbers of VAAs;
however, the data do not show evidence of this increase with
time, likely due to the relative ease to identify volcanic clouds
that reach stratospheric levels. Given the relative scarcity of erup-
tions that produce volcanic clouds that reach flight levels of up to
FL400, it is possible to attribute peaks in the number of advi-
sories to specific eruptions (Fig. 5).
Volcano classification
Each of the volcanoes with VAAs within the 2009–2019 period
was grouped according to the categories within the M-ESP da-
tabase. This enables an assessment of the appropriateness of
these categories for ash and aviation purposes. Most VAAs
Fig. 3 Cumulative number of VAAs per VAAC (black lines), cumulative
number of advisories citing satellite data as an information source (black
dashed lines), and number of events according to advisories (red line).
Grey vertical bar highlights the period in which a change in the rate of
VAA issuance occurs
Fig. 4 Cumulative number of
events for each VAAC through
the analysis of the Smithsonian
GVP record of events
(downloaded on 29 Jan 2019)
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issued between 2009 and 2019 were related to volcanoes
characterised as silicic small type (S1 Mastin et al. 2009b,
Table 2, Fig. 6), although there were also many mafic small
(M1), silicic standard (S0), and silicic medium (S2) types.
There were comparatively few eruptions at mafic standard
(M0), mafic medium (M2), silicic large (S3), or ‘brief’ (S9) type
volcanoes. There were no VAAs for volcanoes classified as maf-
ic large (M3) or submarine (U0). These classifications reflect
expectations of volcanic activity, whereby smaller eruptions
(i.e. silicic small or mafic small) occur more frequently than
larger events. Volcanoes classified asM0 and S0make up a large
proportion of the entries in the M-ESP database (32% M0,
44.2% S0; Fig. 6b). However, only a relatively small proportion
of the volcanoes that have erupted in the past 10 years are
assigned to these categories (5% M0, 17% S0; Fig. 6). This
implies that over a selected short time period (e.g. 10 years),
Fig. 5 Number of VAAs per month for FL0–FL100, FL101–FL200, FL201–FL300, and FL301–FL400. The grey line shows the number of VAAs; the
red line shows the 6-month average number of VAAs
Fig. 6 a Number of volcanoes with VAAs between 1 Jan 2009 and 1 Jan 2019 at volcanoes assigned to each eruption source parameter in Mastin et al.
(2009a) (M-ESP) database category (see Table 2). b Number of volcanoes per category within the M-ESP database
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volcanoes that have erupted recently, frequently, or are in long-
term eruption are most likely to show explosive activity.
To understand how the activity reported within the VAAs
relates to expected activity for a given volcano, we analyse the
average volcanic ash cloud height per event in relation to that
assigned by the M-ESP database. TheM-ESP database was pro-
duced to provide inputs to volcanic-ash-transport-and-dispersion
models. Cloud height within the M-ESP database refers to ‘the
elevation at whichmost ash spreads laterally from the plume into
the volcanic cloud’ (Mastin et al. 2009a). However, Mastin et al.
(2009a) noted that the observations of maximum plume height
are more frequently available than the heights of the dispersing
volcanic cloud and that maximum plume height has been used to
inform M-ESP categories out of necessity.
Figure 7 shows density distribution plots of observed vol-
canic ash cloud height (km above vent; converted from FL).
For comparison with the M-ESP volcanic ash cloud heights,
the VAA volcanic ash cloud heights were converted to the
height above the vent by subtracting the summit elevation
reported in the GVP database for each volcano. The number
of events for the S3 and S9 categories was deemed too low for
analysis. All of the density plots show skewed distributions
with long tails towards greater volcanic ash cloud heights. A
majority of the distributions show a single peak, while S1 has
a polymodal distribution. For all of the categories, the average
volcanic cloud height evaluated from the VAAs is close to
2 km, being slightly lower for the M1 and M2 categories.
The dashed line in Fig. 7 represents the M-ESP-assigned
volcanic cloud height (Table 2). For most categories, the VAA
average volcanic cloud height is considerably lower than that
assigned within the M-ESP database (Fig. 7, Table 4). For the
S0, M0, S2, and M2 categories, the M-ESP-assigned volcanic
cloud height falls on the upper tail of the distributions, and
there is a large difference between the average VAA volcanic
cloud height and the M-ESP database height. For the S1 cat-
egory, the M-ESP volcanic cloud height is 59% greater than
the average height from the advisories (5 km vs. 2.05 km;
Table 4), but it falls within the distribution. The M-ESP vol-
canic cloud height for theM1 category is 19% greater than the
average volcanic cloud height from the VAAs (Table 4).
Parameters within the M-ESP database represent the most
likely future activity at a volcano given knowledge of previous
eruptive behaviour. To understand how these parameters relate to
observations reported in VAAs, we compare the average VAA
volcanic cloud height and duration per volcano with theM-ESP-
assigned parameters (Fig. 8). A majority of the volcanoes have
similar average plume heights and durations, despite differentM-
ESP categories. Most volcanoes have an average VAA volcanic
Fig. 7 Density plot of plume height (km above the vent converted from FL) reported in VAAs per M-ESP category. The solid line shows the average
plume height from the VAAs, while the dashed line shows the height allocated per M-ESP category
Table 4 ComparisonofVAA-derived averageplumeheight versusM-ESP





height with one SD
(km above vent)
Mastin et al. (2009a,




S0 1.97 ± 1.3 11 + 82
S1 2.05 ± 1.6 5 + 59
S2 1.80 ± 2.19 11 + 83
M0 2.16 ± 2.3 7 + 69
M1 1.62 ± 1.78 2 + 19
M2 1.01 ± 0.56 7 + 86
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cloud height of less than 5 km and a duration in the region 1–
100 h. For the most part, the assigned M-ESP parameters are
towards the upper end but within the region of observed volcanic
cloud heights as informed by the VAAs (Fig. 8), and this is
particularly true for the M1 and S1 categories. The assigned
plume heights for the S0 andM2 categories are higher than those
shown by theVAAdata, while for theM0, S1, and S2 volcanoes,
the 99th percentile volcanic cloud height approaches the M-ESP
volcanic cloud height. This indicates that the M-ESP categories
more closely represent the upper plume height limits rather than
the average behaviour.
Because duration within theM-ESP database refers to the du-
ration of emission, whereas that calculated herein refers to the
duration of observed ash in the atmosphere, we expect the M-
ESP database duration to be shorter than that determined through
ouranalysisof theVAAs.This is seemingly thecase for theS0and
S2 categories and to a lesser extent the S1 category. However, for
theM0,M1, andM2categories, theM-ESPduration falls towards
theupperendofthatcalculatedfromtheVAAs.Incomparison, the
sparse data for S9 volcanoes show a VAA duration considerably
larger than that within theM-ESP database.
Figure 9 shows convex hulls, whereby the smallest convex
polygon that encloses the average plume height and duration for
all volcanoes within each M-ESP category is drawn. This plot
demonstrates the similarity in observed characteristics for the
different volcanoes. Noting the log axis for duration, the results
implymuch less variation in volcanic cloud height in comparison
to eruption duration. While there is a spread in the durations for
the categories, there is little difference in average volcanic cloud
height. This is also evident by the average of all advisories (black
symbol), which displays a very similar volcanic cloud height to
those of the individual categories. A majority of the data points
fall at a distance from the parameters within theM-ESP database,
with the parameters for M2/M0 best representing the data.
Discussion
The VAA record provides high-frequency information that com-
plementsgeologicalandhistorical recordsoferuptiveactivity, and
helps define activity both globally and at individual volcanoes.
Information from the VAAs can be mined to assess activity at a
volcanowithout theneedforprocessingand in-depthdataanalysis
andVAAs therefore provide an important resource inunderstand-
ing global ash aviation hazard. Our analysis shows that some re-
gions of airspace are affected considerably more frequently than
others. We show that a majority of advisories issued in the time
period considered were issued by Darwin, Tokyo, Buenos Aires,
Fig. 8 Average (filled circles) and 99th percentile (open circles) VAA-defined plume height (converted to km above the vent from FL) versus average
duration per volcano. Each panel represents a differentM-ESP category. Stars represent the height and eruption duration assigned in theM-ESP database
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andWashington VAACs and are related to eight volcanoes, with
more than 20% related to activity at Sakurajima andDukono vol-
canoes, in Japan and Indonesia respectively.
We find that, although the global amount of known explosive
volcanic activity has not increased in the time period examined,
the number of VAAs issued per year has increased, particularly
since 2015. This increase is most apparent for volcanic ash
clouds between FL101 and FL200 (3–6 km asl) and correlates
in time with the advent of improved technology for detecting
lower altitude and lower concentration volcanic ash clouds, over
longer periods. At least three factors could be responsible for this
increase: (1) changes to reporting processes, (2) improved com-
munications between SVOs and VAACs, and (3) increased abil-
ity to detect volcanic ash with satellite-sensing techniques. Each
of these factors is discussed in more detail below.
Although ICAO standards and recommended practices have
not greatly changed during the period of the study, procedures
within VAACs have been evolving in line with quality manage-
ment processes, and collaboration on best-practice between the
VAACs, as established by the International Volcanic Ash Task
Force (IVATF), to ensure greater consistency of approach
(IVATF Summary 2012, accessed October 2020).
Ground observations from SVOs (Pallister et al. 2019),
new remote sensing capabilities and observations, and com-
munication of these observations to VAACs have improved
greatly in some areas during the period. The eruptions of
Dukono (6644 advisories) or Sinabung (2218 advisories) in
Indonesia, for example, have been observed extensively and
recorded by webcam and photos, with regular operational re-
ports exchanged between the Indonesian Centre for
Volcanology and Geological Hazard Mitigation (a SVO)
and VAAC Darwin, and a constant stream of multi-lingual
‘chat’ between those two centres, airlines, air traffic control,
and others. New radars have also been built in many regions,
and new networks for detecting volcanic lightning (McNutt
and Thomas 2015; Hargie et al. 2018) and infrasound (Matoza
et al. 2017) have also enabled increased detections of volcanic
eruptions and ash emission.
Finally, the temporal increase in total VAAs issued roughly
parallels the increase in VAAs issued on satellite-based detec-
tions (Fig. 2). The increase with time of satellite-based detection
of volcanic ash is most apparent at VAACs such as Tokyo and
Darwin that have both new-generation coverage since 2014
(from HIMAWARI-8) and volcanoes that frequently produce
small volcanic clouds. Although this trend is less clear for
VAAC Washington, the VAAC attributes the increase in total
VAAs to better temporal, spectral, and spatial resolution from
GOES-16. Those VAACs whose regions contain no frequently
active volcanoes, such asMontreal and London, show essentially
no change in the rate of VAAs with time or show step changes
where steps correspond to activity at an indiviudal volcano.
Those VAACs with intermediate numbers of VAAs, such as
Buenos Aires, Toulouse, Wellington, and Anchorage, also show
stepped curves but with steps that appear more frequent in later
years andmirror step increases in satellite detection capability but
also changes in eruptive activity. An abrupt increase in the rate of
VAAs at VAACBuenosAires starting in late 2016, for example,
represents the start of repeated, small explosive events at
Sabancaya. Steps in the VAAC Anchorage curve in 2013 and
2017 correspond to eruptive activity at Pavlof and Bogoslof,
respectively. Between these years, there is a roughly continuous
issuance of VAAs for multiple volcanoes in both Alaska and
Kamchatka (Sheveluch, Zupanovsky, Klyuchevskoi,
Karymsky, Pavlof, and Cleveland among others). Information
in the VAAs indicate that nearly all events were detected by
satellite sensors, and a number represent volcanic activity
within the VAAC Tokyo AoR. The more intermittent nature of
advisory issuance means changes in rate of VAA issuance are
less apparent for these regions.
Within this study, FL information within the VAAs was used
as a proxy for eruption cloud height. Volcanic cloud heights are
estimated using a variety of methods, for example through direct
observation or analysis of radar or satellite imagery, each with its
own uncertainties. Tupper and Wunderman (2009) compared
independent dailymaximumeruption height reports fromground
and satellite analysis over Indonesia and Papua New Guinea
from 1982 to 2005 and concluded that there were substantial
differences, to the extent that the datasets are independent and
cannot, without further investigation, be used to substitute for
each other. Their analysis indicated that for large events, satellite
observations of plume height are more reliable than ground ob-
servations, whereas for smaller events producing low-lying
clouds, the opposite is true due to obscuration by clouds and poor
spatial and temporal resolution of satellite imagery. With the






















Fig. 9 Convex hulls fitted to average data of the categories within Fig. 7.
Circles represent the average height and duration for volcanoes in each
category, the black circle represents the average for all volcanoes, and the
diamonds are the M-ESP parameters
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higher spatial and temporal resolution of satellite instrument de-
velopments and imagery afforded by recent satellites, the reliabil-
ity of using satellite imagery for detecting explosive eruptions
and plume height has likely improved.
The Tupper and Wunderman (2009) example highlights the
mutually beneficial relationship between VAACs and SVOs. In
many cases, different and complementary plume information is
available to the VAAC which is not easily observable by or
accessible to SVOs. For example, during the long-term eruption
at Soufrière Hills volcano, Montserrat, which began in 1995, it
was not always possible for the responsible SVO (Montserrat
Volcano Observatory) to visually assess heights of plumes at
night-time or in the daytime due to cloud cover and/or ashfall.
In such cases, the SVO reported the onset explosions to the
Washington VAAC, information on plume height was provid-
ed to the SVO by the VAAC through analysis of satellite infor-
mation, and the SVO was able to provide additional context,
such as likely duration of explosive activity (S. Loughlin, pers.
comm., August 2020).
Uncertainties on information in the VAAs is likely large
than, for example, the information in the published record due
to the near-real-time nature of the data. Uncertainty in volca-
nic cloud heights from satellite sensors depends on methodol-
ogy but is commonly ± 20% (e.g. Mackie et al. 2014;
Pavolonis et al. 2013; Tupper and Wunderman 2009).
Uncertainty in radar-derived heights is frequently ± 1 km even
in good conditions (Arason et al. 2011). Given the differences
between the VAA mean height and Mastin et al. (2009)
height (Table 4) are commonly greater than 50%, these
uncertainties cannot explain the differences in height between
these datasets. When comparing cloud height data with the
information in the M-ESP database, it is worthwhile noting
that the M-ESP database does not account for variation in
atmospheric conditions from polar to equatorial regions. For
a given eruption rate, an eruption in the tropics will produce a
higher volcanic ash cloud than in polar regions. This could
account for some of the disparity between the observed vol-
canic ash cloud height and that given in the M-ESP database.
However, given that a majority of the events analysed in this
study occur in lower rather than higher latitudes (Fig. 2), it is
not anticipated that volcano latitude has a great impact on the
results.
Uncertainties in eruption duration could be higher than
those for cloud heights, given that duration here reflects how
long ash remains in the atmosphere, rather than the duration of
emission from the vent (Fig. 9). Despite this difference, theM-
ESP duration fits that estimated from the VAAs remarkably
well, perhaps due to overestimation in the M-ESP database
source term. Both height and duration are likely to be more
uncertain when there is no SVO and therefore no direct obser-
vation of volcanic activity, highlighting the importance of
strong, well-functioning SVOs and also the timely communi-
cation between SVO and VAAC.
The increase in VAAs with time related to improved
observations complicates the use of the VAAs for
assessing global or volcano-scale rates of activity. Our
analysis indicates that the number of low-level plumes
observed has increased since 2015. However, this does
not mean that these plumes were not present before, but
rather that they were not detected or reported on. Such
data limitations pertaining to the availability of observa-
tions, and in particular related to the scale of an eruption,
are common in databases describing the volcanic activi-
ty. Uncertainties in the geological record are well known
(Rougier et al. 2018); deposits of large eruptions are bet-
ter preserved and studied compared to those from smaller
eruptions. As observational capability has improved, the
number of smaller eruptions in the geological record in-
creases towards the present day. Even in the historical
record, larger eruptions are better described than smaller
eruptions because their impact is greater and descriptive
stories last longer, passed down by oral traditions (e.g.
the 79 AD eruption of Vesuvius (Sigurdsson et al. 2006),
the 1783–1784 eruption of Laki (Thordarson 2003), and
the 1883 eruption of Krakatau (Verbeek 1885; Simkin
and Fiske 1983)). The VAA record, as with other data-
bases, presents a record of explosive volcanic activity of
increasing temporal resolution with time.
Our study illustrates how the VAA record can comple-
ment more conventional data sources used in databases of
the M-ESP and the Smithsonian Institution GVP, which
rely on SVO reports and published journal articles.
Publications are more numerous for larger events, whereas
those events that produce the clouds detailed in SVO re-
ports and described in most VAAs may be smaller and less
likely to be documented in peer-reviewed papers. This dif-
ference is exacerbated by improved technology that detect
ever smaller volcanic ash clouds. This difference is
highlighted in Fig. 7 where the volcanic ash cloud height
per volcano proposed in the Mastin et al. (2009a) database
is systematically higher than that documented in the VAAs.
This difference speaks to a greater issue relating to data and
the volcanic record. Necessarily, data describing many past
eruptions are based on ground observations and analysis of
the resultant deposits. Near-real-time information, such as
that presented in VAAs, provides insight into events that
would not normally be recorded by deposits, or even SVO
reports in some circumstances, and therefore extends un-
derstanding of global explosive volcanism, capturing not
only the very largest events but also more frequent low-
level activity. Such insight, along with information on de-
posit and observation information, aids understanding of
the range of explosive behaviour at a volcano and enables
a better definition of ESPs.
When analysed on a volcano-by-volcano basis (Fig. 8), the
M-ESP-assigned volcanic ash cloud heights fall close to but
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above the 99th percentile of observed cloud characteristics de-
scribed within the VAAs, showing that on a broad level, the
categories within the M-ESP database represent the upper limit
in volcanic activity expected for volcanoes within these catego-
ries (Fig. 9). The parameters fit particularly well for the M1 and
S1 categories. Notable exceptions are volcanoes in categories
M0 and S0, for which there is little historical information to aid
assignment of parameters, and an eruption of a medium size is
assumed. The M0 and S0 categories describe volcanoes of a
number of types, with a range in eruptive styles and geochemis-
try. The results indicate that a better way to categorise poorly
known or monitored volcanoes is required. In this context, the
likelihood of a ‘medium-sized’ eruption based on published ac-
counts is overestimated. The results for theM2 and S2 categories
imply that parameters defined through analysis of the geological
record represent larger, rarer events, rather than more frequent
smaller eruptions. This results in these volcanoes being given
high to mid-range hazard scenarios where a lower range eruption
scenario might be more appropriate.
Our results imply that it may be more appropriate to assign
categories a smaller scale eruption scenario with volcanic ash
cloud heights of 2 km above the vent, where little is known about
an eruption or volcano, and to update as more information be-
comes available. Users of theM-ESP databasewho are setting up
operational forecasts will have to assess whether to use source
parameters that reflect most likely, or larger, eruption scenarios.
SVOs may be able to help with such decision-making.
Conclusions
VAAs provide information that informs the global risk of
volcanic ash to civil aviation in near-real-time. As an
operational product, these advisories have not previously
been analysed outside of this remit and therefore are a
currently underused resource on volcanic behaviour with
huge potential for insight into volcanic activity on a
global scale. The number of VAAs issued with time can
be used as a measure of the rate of volcanic activity if
other influences on the record, such as increased ability
to recognise volcanic ash clouds due to advances in sat-
ellite sensor capabilities and coverage and increased
reporting, are also considered. The VAAs present a novel
dataset, containing information on frequency, duration,
and volcanic cloud height of eruptions over the past few
decades. This information enables the analysis of the
characteristics of activity at those volcanoes that impact
airspace and allows a move towards a better understand-
ing of global ash aviation hazard. A review of VAAs
issued between 1 January 2009 and 1 January 2019
shows that eight volcanoes (from a total of 139 with ad-
visories during this period) are responsible for 50% of the
more than 57,000 advisory issues during this time. An
increase in the number of VAAs issued over time is at-
tributed to the improved ability to observe ash at lower
atmospheric levels rather than an increase in the frequen-
cy of eruptions. The analysis of FL information extracted
from the VAAs shows that a large majority of reported
plumes are at of relatively low level (~ 2 km above the
vent), considerably lower than the assigned parameters in
the Mastin et al. (2009a) ESP database. We therefore
propose that where no other height information is avail-
able, a cloud height of 2 km above vent may constitute a
reasonable most likely cloud height for ash hazard
modelling purposes.
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Appendix
Table 5 List of acronyms
AoR Area of responsibility
ASL Above sea level
ESP Eruption source parameter
FL Flight level
GVP Global Volcanism Program
ICAO International Civil Aviation Organization
IVATF International Volcanic Ash Task Force
IAVW International Airways Volcano Watch
LaMEVE Large Magnitude Explosive Volcanic Eruption
M-ESP Mastin et al. (2009a) Eruption Source Parameter
MWO Meteorological Watch Offices
NWP Numerical Weather Prediction
SACS Support to Aviation Control Service
SIGMET Significant Meteorological Information
SVO State Volcano Observatory
VAA Volcanic Ash Advisories
VAAC Volcanic Ash Advisory Centre
VAG Volcanic Ash Graphic
VEI Volcanic Explosivity Index
VOLCAT VOLcanic Cloud Analysis Toolkit
VONA Volcanic Observatory Notice for Aviation
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